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ABSTRACT 
The distribution of Ca  4s in frog (Rana  pipiens)  sartorius muscle,  after 4  hours' 
exposure to  Ringer's  solution containing radiocalcium,  has  been analyzed by ob- 
serving  the kinetics of escape  of the radioisotope  into a  non-radioactive Ringer's 
solution with caldum present or absent and by assuming that the tendon of Achilles 
is a satisfactory model of the extent of the uptake and rdease of Ca  46 by the inter- 
stitial connective tissue  (c.t.). In a Ringer's solution containing 1 m~/liter calcium, 
the exchangeable  calcium  distribution in micromoles per gram wet weight is as fol- 
lows:  (a)  Aqueous  phase of c.t. space:  0.16;  (b)  bound to c.t.: 0.16;  (c)  bound  to 
surface of fibers: 0.13, of which 0.03 is displaced only by self-exchange, whereas the 
rest, as in c.t., can be displaced  by other ions; and (d) in myoplasm: 0.33. The ki- 
netics of Ca  45 exit suggests that in infinite time of exposure to Ca  45 the myoplasmic 
component would rise to 0.85. In the muscles, the half-time of the quickly emerging 
Ca  41 averages about 3  minutes,  whereas  the  time constant of the slowly released 
component is about 500 minutes. In the tendons the percentage rate of escape falls 
exponentially, the half-time of emergence being about 10 minutes. 
Direct  evidence has  been  presented  that  augmented  entry of  calcium  is 
intimately  associated  with  contraction  and  contracture  in  frog  sartorius 
muscle (1, 3,  17). These studies suggested that the additional calcium which 
enters is derived from readily accessible  calcium-binding sites on the muscle 
fibers. Thus, since the calcium entry per twitch was  not measurably changed 
by trebling the extraceUular concentration whereas the entry in  unstimulated 
muscle  increased proportionately, the sites concerned  with contraction were 
saturated  with  calcium  at  the  calcium  concentration of  the  medium  while 
those  involved in  "passive"  calcium entry were  not.  Similarly,  an  increase 
in  Ca  ~  entry  could  not  be  demonstrated  during  potassium  depolarization 
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and contracture unless  Ca  a  was  in the  interstitial  spaces  slightly ahead  of 
potassium,  presumably in  order  to  occupy  the  readily  accessible  superficial 
sites. 
More  direct  evidence  is  certainly  to  be  desired  for  the  existence  of  such 
sites. To date the evidence for this has consisted largely of the  demonstration 
that more Ca  a  is taken up rapidly by skeletal muscle (7) or emerges rapidly 
from heart  muscle  (12),  previously equilibrated  in  "hot"  media,  than  can 
be accounted for from the water content of the extracellular space.  Ca  ~  that 
is rapidly exchangeable with extracellular sodium has also been described  for 
the  heart  (13).  These  observations have not  lent  themselves to  precise  de- 
terminations,  particularly in view of the  uncertain  contribution  by the  Ca  *~ 
bound to connective tissue within the muscles (7,  8). 
Consequently,  techniques  have  been  developed  which  appear  to  permit 
more precise separation of surface-bound calcium from that  in  the  extracel- 
lular water and  in  the cells.  The  same procedures have been  routinely  em- 
ployed on both  the tendons  of Achilles  and  the  sartorius  muscles from  the 
same animals as a  tentative basis for distinguishing  the  calcium  binding  by 
the connective tissue from that of the muscle fibers. 
A preliminary report of these studies has appeared (18). 
METHODS 
The  emergence  of  Ca  45 into  a  non-radioactive  solution  from tissues  previously 
soaked in radioactive media has been employed in the past in an effort to distinguish 
calcium originating from different sites (8,  19). Two modifications  (see Fig.  1) have 
been introduced in order to clarify the events taking place: (a)  One of a pair of tis- 
sues,  which  have been similarly soaked in Ringer's solution  containing Ca  46,  is al- 
lowed  to lose its Ca  .5 to a  non-radioactive Ringer's solution lacking calcium while 
its control is kept in normal "cold" Ringer's solution;  an additional fraction of Ca  46 
is retained by the tissue in calcium-free  Ringer's solution  which may reflect  surface 
calcium capable of exchanging  with the calcium in the medium. (b) In the case of a 
hot tissue exposed  for some time in a  calcium-free,  non-radioactive solution,  addi- 
tion of calcium at the normal level (1.0 m~/liter) causes a rapid, additional release 
of Ca  *s, showing  that the retained calcium actually is easily accessible,  calcium-ex- 
changeable,  bound calcium.  The absence of a  change in calcium escape in the con- 
trois when the  extracellular concentration  is  trebled reveals,  among other  thin~, 
that the slow release, probably derived from within the fibers,  is not governed by the 
calcium level of the medium. A low concentration of anesthetic  (0.5 to 14  mg.  per 
cent cocaine,  depending  on the experimental  conditions  studied)  was present in all 
experiments,  mainly to prevent erratic  results due  to  variable spontaneous activity 
of the muscles; our studies  have shown  that  contractile  activity invariably increases 
Ca  ¢  release (2). 
In most experiments the sartorins musdes and the tendons  of  Achilles  from  the 
same frog (Rana piplens) were mounted individually on glass rods with fine  tanta- 
lum wires, as previously described  for nerve (14), and subjected for 4 hours to oxy- A. M.  SHANES  AND C.  P.  BIANCHI  1125 
genated,  circulated  Ringer's  solution  of  the  usual  composition  (16) and  contain- 
ing Ca  45 at an activity of 2 ~c./ml. The supports and the tissues were rinsed for 10 
seconds  in non-radioactive Ringer's solution and then collections  begun in volumes 
of 2 or 3 ml. of non-radioactive solution that were completely replaced at regular 
intervals. The radioactivity of each collection  and  that of the acid  extract of the 
ashed tissues,  obtained at the end of the washout series, were measured in duplicate 
with a low background, gas flow counter, as described  earlier (16). The ends of the 
muscles,  composed mostly of connective tissue,  were removed prior to ashing.  Ab- 
sorption corrections were applied. From these data two types of curves were recon- 
structed:  (a)  Desaturation curves, which  describe  the time course of decline  of the 
radioactivity in the tissues and (b) rate curves, which describe the time course of the 
rate coefficient, i.e. the per cent of the average activity in the tissue during the time 
of collection  that has emerged during the collection  interval (el. reference 14). The 
rate coefficient at later times is a  measure of permeability, but is also governed by 
the area:volume ratio. If a homogeneous population of fibers is dealt with, it should 
become a  constant after the extramyoplasmic Ca  4s has been removed; if not, a  de- 
dine  will be observed due  to  the larger fibers,  which  have a  smaller area :volume 
ratio and contribute relatively more to the later Ca  4~ e~ux. The range of fiber size 
in the sartorius has been given as 20 to 180 micra, with a mean of about 100  (4). 
The rate coefficient is also a particularly sensitive indicator of c/¢ange~ in  the  rate 
of Ca  4~ release.  As will be pointed out later, such changes may reflect alterations in 
permeability or in the thermodynamic activity of intracellular calcium,  or enhanced 
ionic interchange at superficial sites. 
The experiments were all carried out in June and July of 1958 at a  room tempera- 
ture of 25°C.  on tissues  removed on the same day from the animals. 
RESULTS 
Figs.  1 and  2 give typical desaturation and rate curves for paired  sartorii 
and  tendons  in  calcium-free  and  regular  Ringer's  solution  following  prior 
exposure for 4 hours in Ringer's solution containing Ca  45. 
Loss of Ca  ~ in Ringer's Solution.--The tendons were, for their major length, 
several fold thicker than the muscles (exact measurements were not attempted). 
Nevertheless,  Ca  ~  can be seen in Fig.  1 to emerge much more rapidly  from 
tendon.  The relative loss from the  tissues  can be gauged from the  compari- 
son,  in Table I, of the  Ca  4s remaining after 90 minutes  of escape into  non- 
radioactive Ringer's solution.  Thus,  only 5  per cent of the  original  radioac- 
t/vity  remains  in  tendon,  whereas  the  residuum  is  seven  times  greater  in 
muscle. 
The desaturation curve of tendon differs  from that of most cellular tissues, 
including muscle, in not showing at least two distinctive rates of radioisotope 
release (Fig.  1).  From the linear decline of the rate coefficient on the  semilog 
axes of Fig.  2 it is evident  that  the rate coefficient of tendon  falls exponen- 
tially  except  for the  first  15 minutes.  In muscle,  the  rate  coefficient  settles 
within 60 minutes to a very much lower rate of decline, so that the later slow 1126  RADIOCALCIUM IN TENDON  AND MUSCLE 
fall  of  the  desat~ation  curve  appears  linear  on  semilogarithmlc  axes  and 
hence resembles but is not quite an exponential (Fig. 1). 
The difference between the curves for tendon and muscle pres-m~bly  re- 
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FIe.  1.  Time course of the decline  of the Ca  45 content of individual muscles and 
tendons, in Ringer's solution containing or ]acl~ing 1 n~/[itex of calcium,  after prior 
exposure for 4 hours to Ringer's solution  containing  Ca  45. At  120 minutes  1 raM/ 
liter calcium  is added  to  the medium  of tissues previously  washed in calcium-free 
P~inger's solution, and the caJcium content of the medium  is  trebled  for those  pre- 
viously washed in Ringer's solution. 
domlu-ntly  connective  tissue  protein,  so  that  here  we  are  dealing  largely 
with the kinetics determined by the rate of diffusion in the tissue water  (cf. 
reference 16)  and perhaps  by the  rate  of release from binding  sites  on  the 
protein; at  late  times  tendon cells may be  contributing appreciably to  the 
emerging Ca  ~, but the desaturation curve is too continuous to permit a  dis- 
tinction to be drawn.  In any case, the much more slowly emerging  Ca  ~  in A. M. SHANES AND C. P. BIANCHI  1127 
muscle appears  attributable  to  that  coming from the myoplasm. As  is  cus- 
tomary,  then,  the  relative  amount  of intracellular  Ca  u  may  be  estimated 
approximately by extrapolating the slow component to zero time and  meas- 
uring the intercept. 
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Fzo.  2.  Time course of the decline of the rate coefficients obtained for the same 
preparations as in Fig.  1. The transitory rise in the coefficients upon the introduc- 
tion of caldum to a medium lacking this ion is readily apparent; the lack of an effect 
by trebling the calcium concentration of the Ringer's solution can also be seen. 
The intercepts,  F,  and  the  time constants,  ¢  (i.e.,  the  time at  which  an 
exponential function declines to 1/e of its initial value), estimated for muscles 
from the slow component 1 to 2 hours after the 1st hour, are given in Table 
II.  Preparations  soaked  for 4  hours  in  Ca  ~  Ringer's  solution  show a  wide 
range of time constants and intercepts; these average 500 minutes and one- 
third, respectively. 1128  RADIOCALCIUM IN TENDON  AND MUSCLE 
TABLE I 
Radiocalciura in Frog Tendon and a Comparison of Tendon and Sartorius Muscle with Respe¢~ 
to the Ca  a Remaining after 90 Minute Washout in Calcium-Free and Regular Ringer's 
Solution 
Cats  Water  Wet weight  Cats  soak  content  space  time 
~r$.  per  ce~  rag. 
4  83.3  27.6 
79.5  29.2 
79.8  31.6 
82.9  35.6 
83.0  38.7 
82.7  44.0 
Residual Ca  ti at 90 rain. 
St/! 
Tendon  Muscle 
No Ca  Ca  No Ca  Ca  (No Ca)  No Ca  Ca  (No Ca) 
Ca  Ca 
~./  ~ 
gm.  mm.  o/ini~  per  ce~ofinltlal 
219  I0  8.0  48 
198  14  17.0  2.1  41  0.86 
164  8  6.5  31 
192  13  14.2  2.2  40  1.3 
171  12  3.2  27 
158  17  14.5  4.5  33  1.2 
7  79.2  40.5  137  8  3.6  (11) 
79.9  40.7  151  10  7.9  2.2  (24)  (2.2) 
82.3  37.8  129  10  5.9  36 
81.2  36.8  143  10  9.31  1.6  37  1.0 
i 
2  83.7  43.6  115  4.1  32 
4  85.8  42.2  138  i4.3  39  I 
2  83.9  37.2  184  12.4  35 
4  83.4  39.2  181  13.3  32 
I 
2  81.6  39.1  144  14.3  -- 
i 
4  81.5  39.4  144  I 4.3  27 
4  85.8  30.3  152  12  4.8  30 
83.2  35.1  156  16  11.1  2.3  29  0.97 
83.3  27.6  181  8  3.6  29 
83.8  27.2  193  14  9.3  2.6  39  1.3 
Av...  82.5  4hr. av  ....  168  13.4  9.7  11.9  i5.1  2.5  35  34  1.15 
The  muscle  data  in Table  II  have  been arranged  according  to  the  cocaine 
concentrations and  according to  the two extremes of Ca  4s "spaces"  that  were 
found.  The  upper,  more  numerous  figures  in  the  table  indicate a  space  (i.e., A. M. SHANES AND C. P. BIANCHI 
TABLE II 
The Distribution and Kin~ics of Radiocalci~m in Paired Muscles Taken fror~ 
the Same Frogs That Supplied the Tendons in Table I* 
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Slow component  Fast component 
Ca~  Water  ~  Cat6  F§  I  H~  r 
soak  con-  .~  space 
time  ! tent  I 
m/./ 
/ws.  per  rag.  gin.  per ce~  m~./gm,  m/s. 
¢~J  X  I00 
4  80.7  38.3  93.1  56  0.52  560 
81.1  40.8  87.3  53  0.46  370 
81.5  32.2  95.9  41  0.39  328 
79.6  36.0  66.0  .50  0.33  405 
79.5  47.4  85.6  31  0.27  630 
80.5  46.2  87.2  40  0.34  418 
Eg  [  Prep- 
tx/s  N¶  L-'r  a- 
0 Ca  1C~  tion 
mJ./gm,  m/s. 
0.41  5  2.7  I 
0.41  4  2.7  2 
0.57  4  3.8  3 
0.33  2  2.2  4 
0.59  4  3.9  5 
0.52  ,  4  3.5  6 
7  4  81.5  38.6  81.5  21  0.17  135  0.64  2  4.3  7 
83.8  39.5  77.5  33  0.26  270  0.52  1  3.5  8 
80.7  34.8  80.1  42  0.34  540  0.46  5  3.1  9 
85.7  49.0  67.2  48  0.32  350  0.35  6  2.3  10 
I 
2  81.4  27.4  (60.8)  (34)  ](0.21)  (11101  (0.40)  2  2.7  11 
4  85.8  31.6  64.7  45  0.29  480  0.36  2  2.4  12 
2  82.7  34.7  (49.3)  (37)  (0.18)  (1100)!  (0.31)  2  2.1  13 
4  82.3  40.1  55.4  36  0.20  730  !  0.35  2  2.3  14 
2  84.3  33.8  (70.0)  15 
4  77.8  32.7  77.2  32  0.25  467  0.25  2  3.5  16 
81.8  78.4  45  38  0.34  0.30  363  484  0.43  0.45  3  3.0 
18.1  141  44  0.62  202  0.79  4  5.3  I7 
17.6  96.3  31  0.29  171  0.67  3  4.4  18 
21.0  203  37  0.74  408  1.28  4  8.5  19 
26.7  ,  117  37  0.44  324  0.74  3  4.9  20 
24.0  190  31  0.58  830  1.31  3  8.7  21 
81.1  20.1  179  44  0.78  547  A.00  6  6.7  22 
4  hr.  av. 
7  4  86.0 
87.0 
14  81.9 
85.0 
14  80.4 
* Figures in parentheses not included in averages. 
:g Final wet weight. 
§ Zero time intercept of the slow component of the desaturation curve. 
I] Initial Ca  43 content of the slow or last component in I  gin. tissue expressed as the milliliters of medium 
containing th  e same radioactivity. 
¶  The factor by which the C~4s content of the fast component exceeds that in an extracellu]ar space contain- 
ing 0.16 mL of medium. 
the equivalent milliliters of medium that would contain the radioactivity in 
a  gram of tissue)  approximately equal to the water content; these are com- 
parable to figures given by Gilbert and Fenn (7). Muscles of small weight-- 1130  RADIOCALCIUM IN TENDON AND MUSCLE 
whether from emaciated or smaller animals  cannot be  stated--are listed in 
the lower part of the  table, and these have substantially larger Ca  a  spaces. 
However, small muscle weight is not necessarily the only factor related to a 
larger space; for in a group of eight muscles weighing 40 to 60 rag. (not listed 
in Table II) we found an average space of 1.3 ml./gm. 
The Ca  45 spaces in tendon are uniformly and substantially larger than in 
muscle--about double that of the water content--whereas the water content 
is the same as in muscle. Gilbert and Fenn (7) do not report as large spaces 
for tendon. The extent to which  their use only of tissues  soaked overnight 
or our use of summer animals contributed to the different figures remains to 
be determined. 
A comparison in Table II of the spaces of muscles soaked for 2 and 4 hours 
indicates  a  somewhat  larger  space  in  the  latter,  but  smaller  by half  than 
might  be  expected if the  additional  uptake  of Ca  46  by the  fibers occurred 
with a  time constant of 500 minutes. It may be seen, too, that the time con- 
stant of washout for the shorter Ca  45 exposure is about 1000 minutes--appre- 
ciably longer than in any of the muscles subjected  to Ca  45  for 4 hours. The 
possible basis for this is  given in the  Discussion. In  tendon the  Ca  a  spaces 
are the same at 2 and 4 hours (Table I). 
The Ca  ~s content of the muscle fibers, like the total Ca  's, may be expressed 
in  terms of the  miUiliters  of medium  that would  supply the  same  radioac- 
tivity in a  gram of muscle. In column E  for the slow component in Table II 
this is seen to average 0.3 ml. If the extracellular water is taken as 0.16 mi.1 
and  the  total water as 0.82  ml.  (Table H),  then  the  cellular water is  0.66 
ml. Consequently, the Ca  a  content of the myoplasm, after 4 hours' exposure 
to radiocalcium, is 0.3/0.66 or 0.45 of what it wouM contain if Ca  a  were uni- 
formly distributed  in  the  fiber water  and  at  the  radioactivity level in  the 
medium.  If the  time constant of uptake  is  the  same as  for exit,  then Ca  a 
entry is only 0.38 complete in 4 hours; therefore, it would be expected to at- 
tain a  level corresponding to or slightly more than that in the medium  after 
infinite time. But since much of myoplasmic calcium is bound  (see Discussion), 
this does not mean the thermodynamic activities are equal. 
From colunm E  for the fast component of 4 hour equilibrated muscles,  the 
Ca  45 content is seen to be equivalent to 0.45 ml. of medium or,  as shown in 
column M,  about three times that of an extracelluiar space  of 0.16 ml./gm. 
This contrasts with the factor of 2 obtained for the calcium in tendon relative 
1 Sucrose space determinations have been carried  out by exposing twelve muscles 
for 4 hours to trace amounts of Cl'-labeUed sucrose and then rinsing them in exactly 
the same manner as employed prior to Ca  4~ washout;  the sucrose content was then 
determined by counting the extract obtained overnight in distilled  water containing 
penicillin  and streptomycin (see reference  16). This gives an extraceUular water of 
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to that to be expected from the aqueous content of tendon. Thus, if tendon 
is a reasonable facsimile of the connective tissue in muscle, then there is more 
rapidly exchangeable calcium in  muscle than can be  accounted for by the 
connective tissue (c.t.)  space--to  the extent of 50 per cent. This will be re- 
ferred to as "removable" calcium. In a  subsequent paper,  it will be  shown 
that this additional 50 per cent can be made to remain bound to the fibers 
by carrying out the experiments in a  nitrate Ringer's solution, whereas that 
bound to the connective tissue, as in tendon, is unaffected by nitrate Ringer's 
solution. 
The half-times of decline (h/s)  of the radioactivity in tendon and of  that 
appearing in the fast component of muscle are also given in Tables I  and H. 
The figure for tendon is more than three times that for muscle, a  difference 
attributable to its greater thickness and different shape. For tissues of iden- 
tical geometries  and penetrabilities this  would indicate  a  factor of less than 
two difference in their radii or thickness  (9),  but such a  comparison is not 
valid for tissues as different geometrically as the tendons and sartorii, espe- 
cially since the tendons of Achilles employed included a  thin as well as thick 
segment. 
Loss of Ca  ~s in Calcium-Free Ringer's Solution.--Wl~le  the  calcium in ex- 
cess of that to be expected from the aqueous content of tendon or of the con- 
nective tissue space is an indication of binding, it is not sul~cient inasmuch 
as other conditions, e.g.  those of a  Donnan equilibrium, can also give rise to 
an excess (cf.  reference 11).  Consequently, the effect of completely removing 
extracellular calcium during washout of Ca  4s was  examined; for if calcium 
were tightly bound in the tissue, but in a manner capable of exchanging with 
Ca  ~, then less would emerge in the absence of Ca  ~°. 
Fig. 1 shows that such is actually the case, and more strikingly in tendon 
than in muscle. The difference between paired tendons is sufficiently great to 
be 100 per cent reproducible; this is evident in Table I  from a  comparison of 
the Ca  a  retained after 90 minutes of washout in calcium-free Ringer's solu- 
tion and in Ringer's solution. The former averages 2.5-fold greater than the 
latter.  In muscle, however, the difference is so small as to be inadequately 
reproducible, as may be seen in Table I. But, the magnitude of the difference 
in muscle, as well as the superficial nature of this bound calcium in both muscle 
and  tendon, is demonstrable by the  simple device of switching to  Ringer's 
after calcium-free Ringer's solution has adequately emptied the extrafibrillar 
water of Ca  4~. The sudden outmsh of Ca  ~  that occurs is easily evident for 
tendon and muscle in Figs. 1 and 2. In experimental runs such as in Fig. 1, the 
bound,  calcium-exchangeable Ca  a  in muscle is 11  to  14 per cent of that in 
the myoplasm at 120 minutes. With a time constant of 500 minutes, the Ca  4b 
in myoplasm at that time is  80 per cent of that initially, or equivalent to 
0.24  ml./gm,  of medium; hence  the  bound,  "seif-exchangeable" calcium is 1132  RADIOCALCIUM IN TENDON AND MUSCLE 
about equivalent to 0.03 ml./gm, of medium, or one-fifth of that part of the 
Ca** in the rapid component which exceeds the Ca** to be expected  from a 
c.t.  space  with  the  properties  of tendon. The  distribution of exchangeable 
calcium  in various regions of muscle  at  4 hours in micromoles  per gram of 
whole muscle,  based  on these considerations,  is given in Table HI. 
In tendon, the ratio of Ca** retained in calcium-free  Ringer's solution to 
that in Ringer's after 90 minute washout approximates the ratio of total Ca** 
space  to the water content,  viz.,  2.5  vs.  2.0  (Table  I).  * Obviously,  the Ca** 
in excess of that in the tendon water is also being lost in calcium-free Ring- 
er's,  presumably by displacement by other ions  (H  +,  Na  +,  K+?),  otherwise 
the ratio of retained Ca  .5 would increase  rapidly.  The similarity of the two 
TABLE HI 
Estimated Dictribution of Calcium, in Micromoles per Gram, in Frog Sartorigs Muscle 
Present study (4 hrs.) .......... 
Gilbert and Fenn (7)~ .......... 
c.t. space (0.16 ml.,  0.20 tim.)  Muscle fibers (0.64 ml., 0.80 gin.) 
Exchangeable  Exchangeable 
L~l~eus  J  c.t.  Myoplasm  bound  I  Sudace bound* 
I 
4~ 
0.16  0.16  I  0.1  +  0.o3  0.33  [ 





* Large component removable in calcinm-free Ringer's plus small component not removed 
except by self-exchange.  See text. 
Modified so as to be comparable to our experimental conditions. See text. 
ratios indicates instead that the bound calcium maintains the same ratio to 
the calcium in the tendon water as the latter falls. 
The increased release of Ca** by muscle and tendon, when calcium is added 
to  the  calcium-free  medium, is exceedingly  rapid  and  therefore consistent 
with surface action.  Moreover,  in Fig. 2 the increased release of Ca  ~s is seen 
to decline in a manner comparable  to that of the Ca** release when the tissues 
are first transferred from hot to non-radioactive Ringer's solution; thus, the 
effect is completed  in 60 minutes in muscle and fails more gradually in ten- 
don--both consistent with their respective  diffusion characteristics.  However, 
the situation in muscle differs from that in tendon in that the emptying of 
extracellular  Ca** is  evidently complete  within  an  hour,  which  in  tendon 
would  be  expected  to lead to a  complete  loss of the superficial  bound cal- 
cium; nevertheless  a  certain amount of Ca**, the self-exchangeable fraction, 
l H  the one exceptionally large  Ca** ratio of 4.5 is not included in the average, 
agreement is much  better; dz., 2.1 ~s. 2.0. A. M.  SHANE$ AND C. P. BIANCHI  1133 
is  retained  by muscle.  This  suggests  that  in  muscle  the  latter  is  bound  by 
some sites more strongly than in tendon. 
If the connective tissue in muscle which we have estimated to contain 0.3 ttM/gm. 
calcium loses no more Ca  ~6 to a  calcium-free  medium in  120 minutes than tendon, 
v/z. 90 per  cent,  then 0.03  gg/gm.--or what  is  designated  as self-exchangeable-- 
would  be retained.  However, from the behavior of tendon,  addition  of calcium to 
the medium should release only one-half this amount. Still  more important for re- 
jecting the possibility that the connective tissue gives rise to self-exchangeable  cal- 
alum  is  the  much  faster rate  of release of  Ca  4~  to  calcium-free  Ringer's  solution 
during  the  initial  washout from the  interstitial  spaces  of muscle  than  of  tendon. 
From Tables I  and  II the half-time of the  former washout is  one-fourth  that of 
the latter, hence the contribution of c.t.  to the measured self-exchangeable  calcium 
is probably more likely under 20 per cent. Further distinction  between  the sites in 
tendon and muscle that rdease Ca  ~5 in exchange  for Ca  ~  must be sought in differ- 
ences in such release  brought about by changes  in the other ions of the  milieu--re- 
suits to be described  in a subsequent publication. 
In Figs.  1  and  2  it can be seen that  trebling  the  calcium of the  medium 
does  not  affect the  escape of Ca  '5 from either  tendon  or muscle  previously 
exposed to Ringer's solution.  Thus,  the  slow release of calcium, presumably 
from myoplasm, is unaffected by the extracellular calcium concentration and 
no additional surface-bound calcium can be released by raising the extracel- 
lular calcium concentration above normal. Indeed,  it will be shown in a  fol- 
lowing publication  that  even 0.3  m~/liter  calcium can  saturate  the  self-ex- 
changeable sites. 
DISCUSSION 
The data presented show that the presence of bound calcium in a tissue may 
be indicated not only by Ca  4t~ being in excess of that to be expected from the 
water content but  (a)  by a  slower subsequent  loss of radiocalcium in a  cal- 
cium-free,  non-radioactive  medium  than  in  a  medium  containing  calcium 
and  (b)  by a  rapid,  transitory  increased  loss  of  Ca  45 upon  transfer  from a 
calcium-free to a  calcium-containing medium. 
The first feature--an excess of Ca  a  in  tissue  water over that  in  the  me- 
dium-is obtainable with a  Donnan equilibrium,  whereas the other two indi- 
cate more specific binding.  Actually,  the magnitude of the excess Ca  45,  both 
for the  c.t.  space and for tendon,  is much greater than that  to be expected 
from a  Donnan equilibrium  (c/. reference 11). 
We have utilized the tendon of Achilles as a model for the connective tissue 
space in muscle. It would be of interest to compare other forms of connective 
tissue, e.g. the sheaths of nerves or loose connective tissues  (of. reference 11), 
which may more closely resemble muscle connective tissue. However, the find- 
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comes bound in nitrate-treated muscle  whereas  none of the fast component 
in tendon is affected, suggests that tendon may have been a very satisfactory 
model. 
Gilbert and Fenn (7), employing Ringer's solution with 2 raM/liter calcium, 
have also suggested a distribution of calcium in frog muscle but on the basis 
of separating several exponentials  in the kinetics of Ca  ~ uptake--a procedure 
that might be  regarded  as  susceptible  to  considerable  error.  Nevertheless, 
our figures are in good agreement with theirs when allowance is made for the 
different conditions of our experiments,  as done in Table IH. Thus, since our 
Ringer's contained half as much calcium, their estimates of the radiocalcinm- 
exchangeable  components  have been halved. The calcium  content of freshly 
dissected  muscles  increases  in  Ringer's  containing 2  mM/liter calcium  and 
is somewhat less in 1 m~/liter Ringer's solution (7), consequently our medium 
may have been more physiological. Also, since in our experiments  the muscles 
were given a  preliminary rinse for 10 seconds in Ca~-free Ringer's solution, 
we have assumed "surface calcium" to be  absent.  For calculating the  Ca  45 
in the aqueous  phase of the connective  tissue  space,  we prefer our estimate 
of extracellular  space of 0.16 mi./gm., which is intermediate to the published 
figure of 0.13 ml./gm. (e.g., reference  6)  and the unpublished value of 0.18 
mi./gm, quoted by Gilbert and Ferm  (7). The presence  of a  Donnan equi- 
librium  that raises  the  Ca  a  content in the extracellular  space  is  neglected 
since this was not evaluated. But no error is involved in the estimate of total 
c.t. calcium since such additional Ca  45 is included  as part of the bound  cal- 
cium. 
It is apparent that what Gilbert and Ferm (7) classify as "connective tissue 
calcium" actually includes  that which  we distinguish as  calcium  associated 
with connective  tissue and with binding sites on the surface of muscle fibers. 
Our figures for Ca  a  uptake by tendon, and  theirs more  so,  do not justify 
as large a connective  tissue calcium as they proposed. 
The value for non-exchangeable  calcium obtained by direct analytical pro- 
cedures and which Gilbert  and Fenn assign to the myoplasm may ultimately 
require partitioning among the other phases of muscle. Information is needed 
on the calcium  content of connective  tissue  such  as tendon relative to the 
Ca  4~ taken up. Harris' observation (8)  that the specific activity of the ends 
of the muscle was smaller than in the central region despite  a greater uptake 
of Ca  a  suggests that the calcium in tendon may also exchange incompletely 
with Ca  45. And, of course, inexchangeable calcium may be present on the fiber 
surfaces as well. 
It should be pointed out that our time constant values, and considerations 
given below, indicate that intracellular exchangeable  calcium  would,  at in- 
finite  time, be almost 2.5  times that given  by Gilbert and Ferm  (7),  hence 
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The figures in Table HI are based on muscles with the smaller Ca  4s spaces. 
In  the  case  of muscles  demonstrating greater exchangeability,  the  relative 
proportion of slow and fast components  is the same  (Table  If), hence  the 
difference may merely reflect  a  greater exchangeability of both intracellular 
and more superficial calcium. This was not reflected by the tendons from the 
same animals (Table  I), consequently only the superficial sites  of the fibers 
may be involved in the larger fast component. Data on the total content of 
calcium of these muscles  are needed to determine to what extent this may 
have been a factor in the greater Ca  4s exchangeability. The similarit~ of the 
time constants of the slow components  of these preparations to those with 
smaller Ca  4s spaces suggests that the fibers of the former were no less intact. 
The absence  of an increase  in the calcium  outflux when extraceUular  cal- 
cium is  trebled, noted in this research,  is accompanied  by a  proportionate 
increase in calcium influx (I, 3). Therefore, a gain in calcium is to be expected. 
An uptake  of calcium,  in proportion to  extracellular  calcium  and substan- 
tially exceeding that in the extracellular  water has been  described  (7);  this 
therefore indicates a  rise  in the intracellular calcium content. Some uptake 
also occurs in I  mx~/liter calcium solutions  (7). If both bound and unbound 
calcium  in  the  myoplasm increased  proportionately with  the  entering  cal- 
cium, then the rate coefficient would be unchanged. But if the unbound cal- 
cium  increased  proportionately more  than  the  bound--as  would  occur  if 
binding sites were not too far from saturation--and if unbound calcium de- 
termined out.flux, the rate coefficient would be increased  and the time con- 
stant of the slow component decreased.  On the other hand, if calcium were 
bound in greater proportion--as when the association constant is high---and if 
the bound calcium determined outflux (see below), similar effects on the rate 
coefficient and on ~ would be obtained. Either process may explain the some- 
what smaller r  obtained for muscles soaked in Ca  4s for 4 hours compared to 
that obtained after 2 hours. 
If calcium outflux, Oct, is passive  and proportional to the thermodynamic 
activity (i.e.,  the  "effective" ion  concentration) of intracellular calcium  in 
the same way that influx, Ic~, is dependent on extracellular  calcium,  and if 
equilibrium  (Ics --  Ocs) has been achieved,  then one can estimate the intra- 
cellular ion activity from the following: 
O/r =  Ooa =  Ic, 
in which Q is the effective ion content/gram and Io~ is expressed per gram 
fiber rather than square  centimeter. 
Ic~ has been estimated as 0.094 #/,mole/cm.  * see. (1, 3, 17), or 1700/~/~mole/ 
gin.  minute. With r  =  500  minutes, Q is 0.85 ~/gm., or about 1 /,M/ml. 
fiber water--about that of the medium, which agrees with our estimate ob- 
tained earlier  from the Ca  46 taken up in 4 hours and r. This cannot be the 1136  RADIOCALCIUM IN TENDON AND MUSCLE 
actual  concentration  of  calcium  ions,  for  the  proportion  of  exchangeable 
calcium that is not bound is probably low. Thus, electrophoresis  of Ca  ~  in 
muscle fibers is very small (8), as in squid axoplasm, for which the evidence of 
very substantial calcium binding is extensive  (5,  10). The figure of 1 ~/ml. 
therefore indicates that while the time constant of emergence is what might 
be expected  in the absence of an electric field at this ion concentration, the 
outflux is more  likely governed  by the bound rather than the unbound cal- 
cium and this maintains an efNux  equal to the influx. This implies that a mem- 
brane-permeable  complex,  proportional  to  intracellular  calcium  content, 
emerges at a rate equal to that with which ionic calcium enters. 
The escape of such a  permeable  complex need not entail concomitant en- 
ergy turnover by cell metabolism.  For example,  as calcium leaks  inward,  it 
could  form an  uncharged,  highly permeable  complex  with  a  protoplasmic 
component which normally cannot leak out without complexation;  if the cell 
had accumulated a large reservoir of this component, then the outward trans- 
fer of calcium  would  merely reflect  the conversion  to kinetic energy of  the 
potential energy of the concentration gradient of the complexing agent. Of 
course,  the  production of a  reservoir  of the  complexing agent would  have 
required metabolic work at some earlier time. 
Such a mechanism of calcium efliux is appealing  since it is consistent with 
the reservoir  of additional binding sites  described  by Gilbert and Feun (7) 
and our observation of a faster out.flux under conditions  that lead to a gain 
in calcium. The presence of this type of mechanism would be indicated by its 
independence  of metabolic inhibition, in contrast to the familiar active trans- 
port of sodium and potassium (15). In squid axon the calcium  outflux has 
been noted to be unaffected by inhibition (10). 
In conclusion, the techniques that have been utilized suggest that, in muscle, 
exchangeable,  bound calcium  is  located in the connective  tissue,  on super- 
ficial fiber sites,  and in the myoplasm. About 80 per cent of the superficial 
sites on the fibers can lose calcium in exchange for other physiological cations 
when calcium is lacking in the medium, as is the case for practically all the 
binding sites in tendon; the remaining 20 per cent exchanges  only with cal- 
cium and  corresponds  in  magnitude to  the  additional calcium  that  enters 
the fibers during a potassium contracture (cf. reference 3). 
Further opportunity for establishing  the validity of our conclusions is of- 
fered by studies of the effects of changes in the ionic  milieu and of physio- 
logical activity on calcium  transfer and  distribution. These are  the subject 
of a later report. 
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